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Summary  
By using the data obtained by the DNA microarray analysis for the intergenic regions applied 
to RNA samples extracted from Thermus thermophilus HB8, 7 small non-coding RNAs, TtR-
1 to TtR-7, were found to be expressed in the cells growing in rich and/or minimal media.  By 
analysing the time course of the expression for the cell growth in combination with the 
sequence comparison to the known RNAs, two RNAs, TtR-1 and TtR-2, are suggested to be 
riboswitches.  The existence of the 7 RNAs and the exact sequence and length, ranging 77-
284 nt, were confirmed by the next-generation sequencing. By the combination of these two 
high-throughput techniques, our understanding of RNAs in the cell will be increased 
significantly. 
 
Key words: DNA microarray / next-generation sequencing / riboswitch / small non-coding 
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INTRODUCTION 
The significance of RNA in biological systems is still growing up and the search for novel 
RNAs is still important. Even in bacteria, there still be unknown RNAs with various biological 
functions. For example, discovery of the clustered regularly interspaced short palindromic 
repeat (CRISPR) RNA has quickly open the door to the novel method for gene disruption in 
cells. DNA microarray can be used for the detection of RNA expression in the cell. However, 
because the DNA microarray uses probes with length of typically 25 nt, exact sequences of 
the 5' and 3' ends cannot be determined. In contrast, those can be obtained by the next-
generation sequencing (NGS) analysis. Recently, NGS was used for the detection of small 
non-coding RNAs from mouse (MsncR) (1) and the function of MsncR-11, one of MsncRs, 
was elucidated by the structural analysis (2). The performance of NGS strongly depends on 
the cDNA library preparation. To prepare cDNA library used for NGS from the RNA sample, 
adapter fragments should be ligated and the reverse transcription reaction is performed. 
However, some RNAs with modifications and/or stable tertiary structures may not be 
converted to cDNA with adapter sequences and cannot be analysed by NGS. In fact, almost 
no tRNA sequences were obtained in some cases (1). Thus, it is quite useful to combine the 
two complementary techniques, DNA microarray and NGS. 
  An extreme-thermophile, Thermus thermophilus HB8, is a quite useful model organism and 
widely used for functional as well as structural analyses of a variety of biological systems. 
However, RNAs in T. thermophilus are not well understood yet. Recently, DNA microarray 
technique was applied to T. thermophilus to analyse gene expression including CRISPR (3-
8). In the present study, the DNA microarray as well as NGS techniques were applied to T. 
thermophilus to find 7 novel small non-coding RNAs (ncRNA). Possible functions of these 
RNAs are discussed. 
 
METHODS 
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DNA microarray data and analysis 
DNA microarray data were obtained by using the TTHB8401 GeneChip (Affymetrix) 
according to the ref. 3. The cells were grown in rich medium (TT medium) or synthetic 
medium (4) up to 1600 min at 70 °C. DNA microarray data were analysed by homemade 
programs. In the DNA microarray, 10 probes for each ORF and filed probes for intergenic 
regions (tiling array) were provided. Probe size was 25 nt and a set of probes, perfect match 
and a mismatch in the middle of the sequence, were provided for each position. For the 
analysis of expression, the difference in signals of two probes was used as a signal value for 
each position.  
Data obtained from cells grown in the rich or synthetic medium were analysed. For rich 
medium, two series of samples, normal growth period (180, 240, 300, 360, 420, 480, 540, 
600, 680 and 760 min) and long growth period (180, 360, 540, 680, 880, 1000, 1120, 1240, 
1360 and 1600 min), were used. For synthetic (minimal) medium, a series of sample (360, 
480, 720, 840, 960, 1080, 1200, 1320 and 1440 min) were used. For each of three series, 
experiments were performed twice. Expression in the intergenic regions were examined with 
a criterion; for each dataset of DNA microarray, a threshold value was set to get 0.1% 
signals with high values for the intergenic regions.  Regions in which at least one position 
shows signal larger than the threshold were chosen. Then, for each series of dataset, 
regions that were chosen at least three time points were selected. Finally, for the six series, 
regions which were selected at least two series were selected to be the highly expressed 
region. For each selected region, the expression profile was examined by the visual 
inspection.  
 
Next generation sequencer analysis 
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  For sequencing analysis, a total RNA fraction was extracted from T. thermophilus (wild 
type) cells. Cells were grown in rich medium, slightly modified from the TT medium; 0.8% 
polypeptone, 0.4% yeast extract, 0.2% NaCl, 0.35 mM CaCl2 (0.4 mM in TT medium), 0.4 
mM MgCl2, pH 7.5 at 70 °C. After centrifugation of 24 mL of fresh culture, the cell pellet was 
frozen in liquid nitrogen and thaw at 60 °C three times, and suspended in 700 μL of 10 mM 
Tris-HCl (pH7.5), 10 mM EDTA, 0.5% SDS and 700 μL of diethylpyrocarbonate treated 
water (DEPC-water) saturated phenol by bortexing. After centrifugation, 3.75 volumes 
TRIZOL LS (Thermo Fisher Scientific Inc.) relative to aqueous layer was added to 
supernatant to remove contamination of proteins, and the extraction was performed. RNA 
was recovered by precipitation with isopropanol and rinsed with 70% ethanol. After drying in 
the desiccator, the RNA sample was stored at -80 °C. Then, 47 μg of RNA sample was 
treated with 16 units of DNase I (TAKARA BIO Inc.) in 10 mM Tris-HCl (pH 7.5), 2.5 mM 
MgCl2, and 0.5 mM CaCl2 at 37 °C for 20 min to remove contamination of DNA. The final 
sample was suspended in 10 µL of DEPC-water and the concentration was measured by 
using a part of sample. 
  Two micrograms of RNA fraction was treated by 10 units of tobacco acid pyrophosphatase 
(TAP) (Epicentre) at 37 °C for 1 h to convert 5' triphosphate group to monophosphate. After 
the TAP treatment, the enzyme was removed by the Phenol/Chloroform/Isoamyl alcohol 
treatment and RNA was purified by the ethanol precipitation. Then, for each of 1 µg of RNA 
fractions with and without TAP treatment, cDNA library was prepared by TruSeq Small RNA 
Sample Prep Kit (Illumina, Inc.). Small size RNA fraction, approximately smaller than 150 nt, 
were extracted from polyacrylamide gel and the concentration was measured by 2100 
Bioanalyzer (Agilent Technologies, Inc.). Pair end of up to 151 nt reads were obtained by 
MiniSeq (Illumina, Inc.) with MiniSeq Mid Output Kit, 300 Cycles. NGS data were analysed 
by homemade programs (1). During the generation of RNA sequences from the pair-end 
reads, reads with overlap less than 10 residues, reads including more than two mismatches 
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and reads with more than three ambiguous residues were excluded. For a mismatch, the 
residue of the first read was used. For an ambiguous residue, residue of the complementary 
strand was used, if possible. Then, RNA sequences with length less than 30 nt were 
excluded to obtain 3,485,562 and 1,635,127 sequences with and without the TAP treatment, 
respectively. 
  As the reference, DNA sequences of T. thermophilus for the genome (AP008226.1) and 
plasmids pTT27 (AP008227.1), pTT8 (AP008228.1) and pVV8 (AB677526.1) were used. 
 
Secondary structure prediction 
Secondary structures of RNAs were predicted by the program vsfold5 (9, 10, 
http://www.rna.it-chiba.ac.jp/~vsfold/vsfold5/). Default parameters were used except for the 
Kuhn length of 7 nt, pseudoknot option off. 
 
RESULTS 
Analysis of DNA microarray data 
In order to find small ncRNAs, we selected 81 highly expressed regions as described in 
the method. At first, sequences correspond to the flanking regions of ORFs, rRNA and tRNA 
genes were excluded. In the present study, regions whose complementary strands include 
ORFs were also excluded and, then, 16 regions, which show independent expression from 
upstream and downstream ORFs, were found. It is noted that several regions where ORFs 
were annotated on the complementary strand show high expression, suggesting the 
expression of the antisense RNAs (Supplemental Fig. S1). 
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Well-known small ncRNAs, M1 RNA, transfer-messenger RNA (tmRNA) and signal 
recognition particle RNA (SRP RNA), were included in the 16 regions. Fig. 1A shows the 
intensity for each probe in the DNA microarray from cells grown in TT medium at 180 min in 
the early log phase. Clearly, the expression of M1 RNA, the RNA component of RNase P, 
encoded on the forward strand was shown. It is noted that an ORF for a conserved 
hypothetical protein is annotated in the reverse strand of the M1 RNA locus (partly 
overlapped). Figs. 1B and 1C show expressions of tmRNA (forward strand) and SRP RNA 
(reverse strand), respectively. These data indicate that expression of small ncRNA can be 
assessed by this analysis. 
The remaining 13 candidates include 6 regions corresponding to the CRISPR (for example, 
see Supplemental Fig. S2A). Finally, we specified 7 sequences as the most probable 
candidates for novel small ncRNAs from T. thermophilus, TtR-1 to TtR-7. Fig. 2 shows the 
expression profiles of the novel RNA candidates. 
 
The 7 small novel RNA candidates analysed by the next generation sequencing 
Samples with and without the TAP treatment were subjected to the NGS analysis to obtain 
4,293,770 and 2,003,394 reads of pair end, respectively. Then, 3,485,662 and 1,635,127 
RNA sequences with lengths ranging 30 to 292 were obtained. For each of the 7 regions 
selected by the DNA microarray analysis, corresponding RNA sequences were found in the 
sequences obtained by NGS. 
Fig. 3 shows the frequency of the occurrence of each residue in the RNA sequences 
obtained by NGS for the regions of TtR-1 to TtR-7. Although frequencies were low for some 
regions, expressions were confirmed for all candidates. The RNA regions, which were 
estimated based on the occurrence, are indicated by arrows in Fig. 3. TtR-1 and TtR-2 show 
increase of the occurrence of the 5' terminal residue by the TAP treatment, suggesting that 
Fig. 1 
Fig. 2 
Fig. 3 
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5’ terminals of these RNA are in triphosphate form. Probably, the 5' terminals of these RNA 
are the transcription-initiating residues. On the other hand, the 5' terminal of TtR-3, TtR-4 
and TtR-5 did not show significant difference in frequency between with and without the TAP 
treatment, suggesting that these RNAs are generated by processing after transcription. For 
TtR-6, the number of RNA sequences by NGS is too small to judge the TAP-treatment 
dependency. For TtR-7, the number of RNA sequences was decreased by the TAP-
treatment. 
   The sequences for the three known RNAs and TtR-1 to TtR-7 obtained by NGS were 
shown in supplemental Tables S1 and S2. It is noted that tmRNA and SRP RNA showed the 
TAP treatment dependency but M1 RNA did not. As described below, the tmRNA sequence 
obtained by NGS corresponds to the precursor-tmRNA. In contrast, the 5' terminal of the M1 
RNA sequence obtained by NGS corresponds to the mature 5' terminal generated by the 
processing of a precursor (11). 
 
Analysis of each candidate 
TtR-1 
  This RNA is encoded upstream of the thiamin-phosphate pyrophosphorylase gene 
(TTHA0764). This gene seems to be a member of a gene cluster encoding thiamin-
phosphate pyrophosphorylase, putative thiamine biosynthesis protein (ThiS), thiazole 
biosynthesis protein (ThiG), putative oxidoreductase, probable thiamine biosynthesis protein 
(ThiC), putative transport protein and phosphomethylpyrimidine kinase (ThiD) (TTHA0674-
TTHA0680). In the early stage of growth in rich media, only limited region was expressed 
(Fig. 4A). In contrast, in the late stage, the downstream of TtR-1 was also expressed (Fig. 
4B) suggesting that TtR-1 contributes to the regulation of the downstream genes. Genes 
concerning the biogenesis of thiamine pyrophosphate (TPP) are sometimes regulated by 
Fig. 4 
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TPP riboswitch and probably TtR-1 is also a TPP riboswitch in T. thermophilus. In fact, TtR-1 
has the thi-box sequence, which is the signature of TPP riboswitch (12) (supplemental Fig. 
S3). As described above, the number of reads by the NGS analysis is significantly increased 
by the TAP treatment, supporting that the 5' terminal of TtR-1 corresponds to the 
transcription-initiating residue. 
 
TtR-2 
  TtR-2 is encoded upstream of a gene cluster for O-acetyl-L-homoserine sulfhydrylase, 
homoserine O-acetyltransferase and a conserved hypothetical protein (TTHA0760-
TTHA0758 in the reverse strand). These downstream genes were expressed in the early 
stage of growth in the synthetic media and this expression was not observed after the mid 
stage as shown in Figs. 4C and 4D. In the Rfam database (13), a part of TtR-2 is assigned 
to the SAM-I riboswitch (14) and this is consistent with the downstream genes.  
 
TtR-3 
  Downstream of TtR-3 is the locus of genes for pyrimidine biosynthesis; PyrR bifunctional 
protein (TTHA0783), aspartate transcarbamylase and dihydroorotase. The sequences 
obtained by NGS well matched the region detected by DNA microarray. The TAP treatment 
increase the read number only slightly and the biogenesis of TtR-3 is unclear. The 
expression level of the downstream genes was slightly increased in the late log phase in the 
synthetic media (data not shown), suggesting a possibility that TtR-3 is a riboswitch 
regulating the pyrimidine biosynthesis. Expressions of TtR-3 as well as the downstream 
genes were not detected for the stationary phase of the growth. 
 
10 
 
TtR-4 
  TtR-4 is encoded upstream of the isoleucyl-tRNA synthetase gene (TTHA1067). The 
expression of TtR-4 is not affected by the TAP treatment in the NGS analysis. The 
expression level of TtR-4 is almost constant during the growth of cells in rich media as well 
as the synthetic media except for the stationary phase where expressions of TtR-4 as well 
as the downstream genes were not detected (data not shown). There is a possibility that 
TtR-4 is a riboswitch.  
 
TtR-5 
  TtR-5 is encoded upstream of the DNA-directed RNA polymerase beta chain (RpoB, 
TTHA1813) and beta prime chain genes (RpoC). Similar to TtR-4, no TAP dependence and 
constant expression during cell growth except for the stationary phase were observed. There 
is a possibility that TtR-5 is a riboswitch. 
 
TtR-6 
  TtR-6 is encoded upstream of a conserved hypothetical protein (TTHA1881) gene and the 
complementary strand of the expression region is partly overlapped to a short ORF of a 
conserved hypothetical protein (TTHA1882, 80 aa). DNA microarray data suggested that this 
RNA is expressed only in the late log phase. Probably because RNAs obtained from cells in 
early phase of growth were used for the NGS analysis, the number of sequences obtained 
by NGS is small. Based on the sequences of fragments obtained by NGS, the sequence of 
the full-length TtR-6 was estimated with a length of 284 nt (supplemental Table S2). 
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TtR-7 
  Among the 7 candidates, only TtR-7 is encoded on the plasmid, pTT8, of T. thermophilus. 
In the downstream of TtR-7, the putative RepA protein, a plasmid replication protein, was 
encoded (TTHC0001). By the criterion for the DNA microarray, this RNA is expressed only in 
the cells grown in the synthetic medium. For the rich medium, weak expressions were 
observed and only a small number of sequences were obtained by NGS. Based on the 
sequences of fragments obtained by NGS, the sequence of the full-length TtR-7 was 
estimated with a length of 228 nt (supplemental Table S2). Fig. 2G shows weak expression 
of the antisense of TtR-7 and this was confirmed by NGS (supplemental Fig. S4A). It is 
known that the expression of RepA protein is regulated by an antisense RNA in plasmid R1 
(15) and, thus, it is possible that this antisense RNA regulates the expression of the putative 
RepA protein in pTT8. Similar expressions of the cis-encoded antisense RNAs were found in 
plasmids ColE1 and ColI-p9 (16, 17). If this is the case, TtR-7 is the leader sequence of the 
RepA mRNA. 
 
 
DISCUSSION 
In the present study, we found 7 novel small ncRNAs including two possible riboswitches. 
One RNA, TtR-7 is probably concerning the regulation of plasmid replication. The functions 
of the remaining four RNAs are unknown. It is noted that sequence search in the Rfam 
database gave no hits for the four RNAs. In addition, we detected the expression of CRISPR 
RNAs and possible antisense RNAs. Thus, combinational use of the DNA microarray and 
NGS techniques are powerful in the analysis of RNA sequence as well as function, namely 
RNomices. In addition, the TAP treatment prior to the cDNA library preparation gives 
important information for the biogenesis of RNAs. In the present study, only a limited number 
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of high expression candidates were analysed. By increasing the target range, more RNAs 
may be found.  
The sequence of tmRNA obtained by NGS is that of precursor having flanking sequences 
in its 5' and 3' ends with 32 and 30 nucleotides, respectively. In the present NGS analysis, 
almost no tRNA sequences were found in the obtained sequences and this also happened in 
the NGS analysis of small ncRNAs from mouse (1). Although reason why tRNA sequences 
are not found is unclear, the sequence of mature tmRNA was not obtained probably with the 
same reason for tRNA. Some modified bases in tRNA as well as tmRNA may prevent the 
reverse transcription reaction. It is noted that tmRNA from T. thermophilus must have m1A 
modification in the T-arm-like structure, because the T-arm-like structure in T. thermophilus 
tmRNA contains positive determinants for the responsible tRNA methyltransferase (18). The 
precursor-tmRNA may not have the modification. It is noted that position 310 of the mature 
tmRNA shows sequence polymorphism (19) and the sequence data showed that the residue 
in this position is G. The 5' terminal of M1 RNA obtained by NGS agrees with the previously 
determined 5' terminal of mature M1 RNA from T. thermophilus HB8 (20). In contrast, M1 
RNA obtained by NGS has extra 67 residues in its 3' terminal. It is noted the previous 
determined sequence (ACCESSION X60463) has one residue deletion at the position 28 in 
the mature sequence. The sequence of SRP RNA matched the sequence in database 
(ACCESSION X12643) (21) with two residues and one residue deletion in the 5' and 3' 
terminals, respectively. 
  As already demonstrated by Agari et al, (5), DNA microarray is useful for the expression 
analysis of CRISPR RNAs. In the present study, expressions of the CRISPR RNA were 
observed by the DNA microarray for all regions except for CRISPR-8 and CRISPR-10. 
Expressions of CRISPR-1, CRISPR-2, CRISPR-3, CRISPR-6, CRISPR-7 and CRISPR-9 
were detected by the DNA microarray analysis. The expressions of CRISPR-4 and CRISPR-
5 were not high enough to be detected by the criterion used in this study. For CRISPR-8 and 
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CRISPR-10, expressions could not be analysed because of lack of the microarray probes for 
these regions. NGS gives complementary information for the expression of CRISPR RNA as 
shown in supplemental Fig. S2B. It is noted that CRISPR-8 is not listed in CRISPR database 
(22). 
  Although significant expressions of possible antisense RNAs were observed for the 6 
region by the DNA microarray analysis, only a small number of sequences (19-730) were 
obtained by the NGS analysis. It is possible that the transcripts were longer than 300 nt and 
excluded by the PAGE purification step during the cDNA library preparation. The biological 
meaning of these expressions are unknown. In the case of TtR-7, expression of the cis-
encoded antisense was found as described above. It is noted that we found a quite strong 
expression of cis-encoded antisense RNA with 64 nt in plasmid pVV8 (23) and the 
corresponding sense RNA, which may be the leader of downstream hypothetical protein 
(TTHV001), is also expressed with less intensity (supplemental Fig. S4B). These RNAs may 
contribute to the regulation of pVV8 replication. This expression could not be analysed by 
the DNA microarray because no probes for this plasmid were provided. 
  Small ncRNAs are expected to fold into stable tertiary structures. Based on the predicted 
secondary structures as shown in Fig. 5, structural and functional analyses of each TtR are 
in progress. 
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FIGURES LEGENDS  
 
Figure 1.  Expression of known small RNAs analysed by DNA microarray 
A: M1 RNA. B: tmRNA, C: SRP RNA. Upper and lower parts show the expressions of the 
forward strand and the reverse strand, respectively. Horizontal dark grey bars indicate the 
location of ORFs. Vertical bars indicate the signals obtained by the DNA microarray; 10 sets 
of probes for each ORF and filed probes for intergenic regions (tiling array) are provided. 
Intensity range (vertical scale) is same for the three panels. Thin arrows in the panel show 
the signals of the RNA. Horizontal scales are adjusted for each panel to show the adjacent 
ORFs. 
 
Figure 2. Expression of unknown small non-coding RNAs analysed by DNA microarray 
  A: TtR-1, B: TtR-2, C: TtR-3, D: TtR-4, E: TtR-5, F: TtR-6 and G: TtR-7. Intensity range is 
same with Fig. 1. Horizontal scales are adjusted for each panel to show the adjacent ORFs. 
Thin arrows show the signals of the RNAs. Expression patterns for cells grown in the rich 
medium at 760 min in the late log phase are shown except for TtR-1 and TtR-7.  For TtR-1, 
data for the rich medium at 180 min in the early log phase and, for TtR-7, data for the 
synthetic medium at 360 min in the early log phase are shown. 
 
Figure 3. Expression of unknown small non-coding RNAs analysed by NGS 
  A: TtR-1, B: TtR-2, C: TtR-3, D: TtR-4, E: TtR-5, F: TtR-6 and G: TtR-7. Frequency of the 
occurrence of each residue in the RNA sequences obtained by NGS is shown along the 
genomic sequence. Bold and broken lines indicate data with and without the TAP treatment, 
respectively. Frequencies are the actual number and not normalized. 
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Figure 4. Expression of possible riboswitches and their downstream ORFs  
  A, B: TtR-1. A: RNAs obtained at 180 min during the cell growth (early log phase), in the 
rich media. B: RNAs obtained at 760 min (late log phase). C, D: TtR-2. C: RNAs obtained at 
360 min during the cell growth (early log phase), in the synthetic media. D: RNAs obtained at 
960 min (middle log phase). In panels C and D, the intense signal indicated by asterisks 
were probably due to miss-hybridization of RNAs with similar sequences. 
 
Figure 5. Predicted secondary structures 
  A: TtR-1, B: TtR-2, C: TtR-3, D: TtR-4, E: TtR-5, F: TtR-6 and G: TtR-7. The thi-box 
sequence is indicated by bold-italic in the panel A. 
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Supplemental table S1.  Sequences of known RNAs in T. thermophilus  determined by NGS
The flanking sequences in precursor RNAs were indicated by underline.
start end
precursor-M1 RNA genome plus 1022592 1022989 398
GGCCCGGGACGAGGGCGCGGUCGCGCCCGAGGGCCGAACCCCUCGGGUGAGGAAAGUCCGGGC
ACCAUAGGGCAGGGUGCCAGGUAACGCCUGGGCGGGGUAACCCGACGGAAAGUGCCACAGAGA
AGAGACCGCCAGCGGCCGGGGCUUCCCCCGGUGCGGGCAAGGGUGAAACGGCGGGGUAAGAGC
CCACCGCCUGGCCUGGCAACAGGCCGGGGCACGGCAAACCCCACCCGGUGCAAGGCCCGGUAG
GCAGGGAGGGCUUGCCCGGCCCGAGAGAACCUGCGGGAUGGGCCGCUUGAGGCCGGUGGCGAC
ACCGGUCCCAGAGAGAUGACCGCGGAAAACAGAACCCGGCUUACGCCUCGUCCCGGAGGCGCC
CGAGCGUUCGGGCGCCUGUU
precursor-tmRNA genome plus 666052 666462 411
UGGUCCGGUCCGAGCCCGGCCCGAAAACCCGUGGGGGUGAAACGGUCUCGACGGGGGUCGCCG
AGGGCGUGGCUGCGCGCCGAGGUGCGGGUGGCCUCGUAAAAACCCGCAACGGCAUAACUGCCA
ACACCAACUACGCUCUCGCGGCUUAAUGACCGCGACCUCGCCCGGUAGCCCUGCCGGGGGCUC
ACCGGAAGCGGGGACACAAACCCGGCUAGCCCGGGGCCACGCCCUCUAACCCCGGGCGAAGCU
UGAAGGGGGCUCGCUCCUGGCCGCCCGUCCGCGGGCCAAGCCAGGAGGACACGCGAAACGCGG
ACUACGCGCGUAGAGGCCCGCCGUAGGGACCUUCGGACGGGGGUUCGACUCCCCCCACCUCCA
CCACAAGGGGGCGCCUUCGGGCGCCCCUUGCCU
SRP RNA genome minus 1771742 1771640 103 GCCCCCGGUCCAGCGCGGCGGGCCAGGCGUGAACCGGGUCAGGUCCGGAAGGAAGCAGCCCUAAGCGCCUCGGUCCGGGCGCCGCUGGGAAGCCGGGGGCGCU
sequencepositionRNA segment strand length
Supplemental table S2.  Representative sequences of small size RNAs found from T. thermophilus
start end
TtR-1 genome plus 640045 640151 107 TPP riboswitch GCAGGCUAGGGGUGCCCGAAUGGAAGGGCUGAGAGCUGGGUUUCUCCCAGCAACCCUUGGAACCUGAUCCGGGUAAUGCCGGCGGAGGGAAGCCUAUGCGGAAGACC
TtR-2 genome minus 728159 727922 238 SAM-I riboswitch
AACCGCGCCGGGGCGCGGCGAAAACCAGCCCGUUCUCUUAUCCAGAGCGGUGGAGGGUACGGC
CCUGUGAAGCCGCGGCAACCUCCCGCCCCUUCCGUUCCAUGGCCGGAUGCGGGCGGGGCUGGU
GCCAACGCCGGCCCGGGCGGGGGAAACGCCCGGGGACGAUAAGAGAGGGGGGUAAGCGCCAC
GCCCAACCCCUUCUUGGCGAGAGAACGGACGCCGGGAAGGGGCUUUUUUU
TtR-3 genome minus 752311 752207 105 unknown GGCCUUUAAACCGGUCCCGCGAGGCCGGAAAGGGGGAGAGAUGCGAGCAACAAGGAAGCGGGAAAGGAAGGGAAGGAGCGGAGGCCUUGGCCUCCGCCUUUUUUU
TtR-4 genome plus 1013712 1013833 122 unknown AGCCGCCGACGGGGGAUUUUACCCCAGGAAGCGGGCGGUGUAAAGGCGAGGAUGGGGAGAGUACCCCUGCCCAAGAGCCCCAAGCGAGCCGGGGAGGGUGAAAGCCCGGCGGUGAGGGCAGG
TtR-5 genome minus 1697736 1697660 77 unknown GUGCUCUUUGGUCGGGCCAAGGGAGCACGGUAAGAGCCAGCCGCCGCAAGGGGAUGGCCCCCUUGCGGAAGAACCCU
TtR-6 genome minus 1767178 1766895 284 unknown
AAGCCUGGAGAAGGUGCUCGCCCGCCUCGAGGCCGAGGCCCUCCUCCAGUCCUGAAGCGGUGU
AGCCUCCUCGUCCCUACACCCACAAGGGGUGUACGGGUCUACCCCCUAGAGCCCCCGGCUUCC
CUCGGGCUUCCCCUACCCUGGGGCUUAGGGAGGUGGACCAUGGAGCAGGGGAAAGCCAUCAG
CGAGGCCUGGAAAGAGGCCCUGGAAACCUACGGGGAGCGCGAAGAGGAGUAGCCCUAAGGGU
GCCCGGGGGCGGGGAAGCCGCCCCCGAUUUUCCU
TtR-7 pTT8* plus 9257 163 228 regulation ofreplication
AUGAAUGAAACAGACCUCGGCCGGGUUAACCGCCGAGGCCUCUCCUCCCCAGGAGGCCUCCAU
CCUAACCCGGCCGGGGGGAAGGAGGCAAGAGAUGGAGCACCACACCCGGCCGGAAGCGCAAAU
CCCGGACACCCUCGCUAAAAUCGCAGGACUCUUCCAGAUAAACCCCGACCUGGGGGAGGUGGU
UCUUCGCGCCUACGCCGCCCUGCGCGGCCUCUCCCCGGA
* The length of pTT8 is 9322.
sequence
position
RNA segment strand length possible function
Kawai et al. Supplemental Fig. S1
Expression of possible antisense RNAs. A: operon for phenylacetic acid 
degradation proteins. B: operon for ba3-type cytochrome c oxidase 
polypeptide. C: 30S ribosomal protein S7 gene (TTHA1696) in an 
operon for ribosomal proteins. D: hypothetical proteins (TTHA1873, 
TTHA1874). E: S-layer protein precursor gene (TTHA1893). F: two 
conserved hypothetical protein genes coded by pTT27 (TTHB179 and 
TTHB180). Expression patterns for cells grown in the rich medium at 
180 min were shown except for panels A and B for which data for cells 
grown in the rich medium at 760 min were used.
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Kawai et al. Supplemental Fig. S2
Expression of CRISPR11 and CRISPR12 analyzed by DNA microarray (A) 
and NGS (B). Regions for CRISPR11 (red) and CRISPR12 (blue) are 
871634-873210 and 874165-874921 in the T. thermophiles genome 
(6).
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Kawai et al. Supplemental Fig. S3
Sequence comparison among TPP riboswitches for which 3D structure has been 
determined (PDB ID: 2CKY, 2GDI) (Thore, S. et al., Science 312, 1208-1211, 
2006 and Serganov, A. et al., Nature 441, 1167-1171, 2006) and TtR-1. Thi-box 
sequences are indicated by red.
1CKY : GGGACCAGGGGUGCUUGUUCACAGGCUGAGAAAGUCCCUUUGAACCUGAACAGGGUAAUGCCUGCGCAGGGAGUGUC
2GDI : GACUCGGGGUGCCCUUCUGCGUGAAGGCUGAGAAAUACCCGUAUCACCUGAUCUGGAUAAUGCCAGCGUAGGGAAGUU
TtR-1:GCAGGCUAGGGGUGCCCGAAUGGAAGGGCUGAGAGCUGGGUUUCUCCCAGCAACCCUUGGAACCUGAUCCGGGUAAUGCCGGCGGAGGGAAGCCUAUGCGGAAGACC
Kawai et al. Supplemental Fig. S4
Expressions of cis-encoded antisense RNAs found for pTT8 (A) and 
pVV8 (B). For both case, ORFs for TTHC001 (A) and TTHV001 locate 
just downstream in forward strand. Data with the TAP treatment were 
used.
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